This study used an ultrasonic measurement device to monitor the setting behavior of silicone elastomeric impression materials, and the influence of temperature on setting behavior was determined. The ultrasonic device consisted of a pulser-receiver, transducers, and an oscilloscope. The two-way transit time through the mixing material was divided by two to account for the down-and-back travel path; then it was multiplied by the sonic velocity. Analysis of variance and the Tukey honest significant difference test were used. In the early stages of the setting process, most of the ultrasonic energy was absorbed by the elastomers and the second echoes were relatively weak. As the elastomers hardened, the sonic velocities increased until they plateaued. The changes in sonic velocities varied among the elastomers tested, and were affected by temperature conditions. The ultrasonic method used in this study has considerable potential for determining the setting processes of elastomeric impression materials.
INTRODUCTION
The accuracy of an impression taken for an indirect restoration depends on the completion of the impression taking process within the working time of an elastomeric impression material 1) . An adequate working time is necessary for manipulation of the impression material prior to placement in the impression tray, and knowledge in this field allows us to select the most appropriate material for various clinical situations. The polymerization reaction, which starts as soon as the two components of the impression material are mixed, leads to rheological changes in the material. Therefore, insertion of the impression tray should be carried out as early as possible to ensure adequate flow and decreased residual stresses within the impression material 2) . Once the material has polymerized up to a certain stage, the impression tray can be removed with little distortion 3) .
Traditionally, working time has been measured by monitoring the increase in viscosity or elasticity of the impression material during polymerization using different instruments and protocols 4) . The characteristic times of various impression materials have been measured using shark fin test apparatus 5, 6) and hand portable durometers based on the Shore hardness test 7, 8) . These simple techniques are inexpensive and easy to use, and they allow for fast measurement in real time during setting. Most of these test methods involve measurement of changes in the rheological characteristics as a function of time, and they are based on the assumption that the working time is completed upon onset of elastic properties in the impression material. A displacement rheometer was used to measure the rheological characteristics of the setting impression material, on the basis of international standards used to determine the working and setting time of these materials 9) . Upon examining the relationship between the rheological parameters of impression material and the accuracy of stone dies produced from these impressions, it was concluded that the rheological tests were inadequate for identification of the latest time point at which an impression could still be taken with consistent accuracy 10) . Therefore, reliable methods capable of determining the setting process of impression material at every step of polymerization are necessary, and these measurement procedures should be performed with minimal time delay. Ultrasonic imaging is a noninvasive technique that offers considerable potential for diagnosis, is a valuable tool for research [11] [12] [13] [14] , and allows measurement of dentin thickness 15, 16) . It also allows for monitoring the setting process of impression material because the sound velocity is dependent on the elastic modulus and the attenuation coefficient correlates with the viscoelastic properties of elastomers 17, 18) .
The main aims of the current study were to monitor the setting process of impression material using ultrasonic measurement and to determine the influence of temperature on the setting behavior of impression material using an ultrasonic device. The null hypothesis was that the setting behavior of impression material was not affected by the different temperature conditions.
MATERIALS AND METHODS
Three impression materials were used in this study. These included Examixfine (EF; GC, Tokyo, Japan), Imprint 4 (IP4; 3M ESPE, St. Paul, MN, USA), and Virtual (Ivoclar Vivadent, Schaan, Liechtenstein), as listed in Table 1 . The ultrasonic equipment employed in this study consisted of a pulser-receiver (5900PR; Panametrics, Waltham, MA, USA), two different types of transducers (M203 and V112; Panametrics), and an oscilloscope (WaveRunner LT584; LeCroy, Tokyo, Japan), as shown in Fig. 1 19) . The pulser-receiver, with a 3-MHz highpass filter, was used to drive the transducer to transmit and receive ultrasonic signals. The analysis entailed sending a 16-μJ impulse to the transducer, which then converted the electrical energy into a sound wave and propagated it through the specimen. The right-angletype contact transducer had a 3.0-mm tip contact diameter, a 2.5-MHz nominal center frequency, and a removable Plexiglas delay tip. The two transducers were orientated to face each other, and the sample was placed between them. They were then connected to the pulserreceiver operated in a through-transmission mode, and signals were obtained using the oscilloscope. No heat was generated from the transducers when using the pulse-repetition frequency employed. The transducer equipment was calibrated each time using a standard procedure on the calibration blocks.
Ultrasonic monitoring of the setting of silicone elastomeric impression materials
The impression material was mixed according to the manufacturer's instructions and inserted into a transparent mold (1.0-mm in height and 4.0 mm in diameter) at 23±1°C atmosphere and 50±5% relative humidity. Each specimen was then placed on the sample stage where the temperature was either 23±1°C or 35±1°C. The ultrasonic measurements were started soon after placement of the impression material, and they were repeated every 10 s for 300 s and then every 100 s for 600 s. All measurements were repeated five times for each temperature condition.
The reflected waves reached the probe as a surface echo (S-echo), whereas the transmitting waves were reflected off the interface between the air and the rear surface of the specimen as a back echo (B-echo). The time differential (∆t) between the S-echo and B-echo represented the time that the wave took to propagate through the specimen (Fig. 2 ). If the specimen thickness (T) is known, the sound velocity (C) can be calculated by measuring the ∆t (i.e., the round-trip transit time) between the S-echo and the B-echo, as shown in the following equation: C=2T/∆t The changing ratio of sonic velocity was calculated according to the following equation:
Changing ratio of sonic velocity [%]=(∆V−(V f −Vn))/ ∆V×100 ∆V=V f −Vs Vf: sonic velocity at the time of final measurement (600 s) V n: sonic velocity at the given time Vs: start time (0 s) Shore A hardness was measured by a durometer (MJ-DUA-A2; Sato Tech, Kawasaki, Japan). The sensing tip of this device protrudes out 1.5 mm from the reference end-of-scale head level. The impression material was inserted into a Teflon mold (40 mm in length, 40 mm in width, and 10 mm in depth) whose height was sufficient to ensure that the durometer tip did not touch the mold bottom. Moreover, the mold length was adequate to ensure that each measurement could be taken at a position 2-3 mm apart along the specimen and was not affected by the previous measurement point. The measurements were repeated at 10-s intervals, and care was taken to ensure that the durometer tip did not sink into the liquid material as this could impair it and affect subsequent assessments.
All measurements were repeated five times for each temperature condition (23±1°C and 35±1°C). The changing ratio of Shore A hardness was calculated according to the following equation:
Changing rate of Shore A hardness [%]=S n/Sf×100
[%] S f: Shore A hardness at final time point (600 s) Sn: Shore A hardness at given time point Each impression material was evaluated as an independent experiment to allow comparison of the results under different temperature conditions. The obtained values were subjected to a one-way analysis of variance, and multiple comparisons were conducted using Analysis of variance and the Tukey honest significant difference test were used at a significance level of 0.05. All statistical analyses were performed using a commercial statistical software package (Sigma Stat Version 3.1; SPSS, Chicago, IL, USA). Figure 3 shows typical curves for the changing rate of sound velocity through a sample of impression material as a function of time. Each curve showed an initial plateau, followed by a rapid increase to reach a second plateau. The duration of the initial plateau was 70 s for EM, 40 s for IP4, and 80 s for VT at 23°C temperature. After the initial plateau, the sound velocity increased at a constant rate. In all impression materials except IP4, the changing rates of sound velocity and the time taken to reach the plateau were retarded when the measurements were carried out at lower temperatures (23°C). On the contrary, IP4 showed approximately the same curve for the changing rate of sound velocity at different sampling temperatures. Figure 4 shows typical curves for the changing rate of Shore A hardness of impression material s as a function of time. Similar to the changing rate of sound velocity, each curve showed an initial plateau followed by a rapid increase to reach a second plateau. The duration of initial plateau was relatively longer than that of sound velocity, particularly at lower temperatures.
RESULTS

The changes in sound velocity within the impression
The values were 300 s for EM, 150 s for IP4, and 310 s for VT at 23°C; the values were 130 s for EM, 80 s for IP4, and 150 s for VT at 35°C.
DISCUSSION
The primary objective of the present study was to characterize the viscoelastic behavior of selected impression materials during setting. The rheological characteristics of impression materials play a crucial role in the handling properties and adaptation of the material to hard and soft tissues in oral temperature conditions 20) . One of the most important characteristics of impression materials is its ability to set once fully seated in the mouth. The major operating parameters of impression materials correlate with the time elapsed from the time of mixing the two components to the start of reticulation. According to the international standards 9) , working time is defined as the period of time extending from the commencement of mixing the material to the point when the material begins to exhibit elastic properties. The setting time is defined as the time taken to form a network of reticulated polymer, which indicates conversion of the viscous liquid to a stable stretch-resistant solid. The ideal material would exhibit comparatively long working time and short setting time, thus allowing adequate operation time for the dentist and short waiting time for both dentist and patient 21) .
The method for measuring working time described in the ISO standard focuses on monitoring the loss of plasticity through measurement of resistance to flow under constant stress, without taking into account the early development of elasticity. However, it has been pointed out that the results obtained with this method are difficult to analyze as the property of impression material being monitored is unclear 22) . Upon measuring the rheological properties of impression material before and after setting, it was concluded that the use of stress rheometers did not allow estimation of setting time as the displacement value became very small as the rigidity increased 10) . Moreover, there is a risk of damaging the sample, rendering it unsuitable for further tests.
In the current study, noninvasive ultrasonic testing was used to monitor the setting processes of impression materials, on the basis of the relationship between ultrasonic velocity and the elastic constants described in a previous study 23) . Unlike the Shore A hardness measurement, which is routinely used by manufacturers of impression materials to control the quality of their products, the ultrasonic approach does not define the setting reaction as the time point when the impression material reaches a specific strength. Instead, it monitors the changes in the viscoelastic properties of the materials during the setting reaction 24) . At the beginning of the ultrasonic measurement, the longitudinal sound velocity in the impression material remains relatively constant. Once the attenuation of the impression material is sufficiently low to obtain a second echo, the sonic velocity increases at a constant rate, and this varies with the impression material being tested.
These differences in measurement methods might be correspond to the differences in the results obtained in this study ( Figs. 3 and 4) .
During the initial stages of the dough phase, the sonic velocity showed a characteristic value; this might be attributed to the attenuating properties of the impression material mixture. After the initial stages of setting, the changing rate of sonic velocities increased at a constant rate. For EM and VT, this rate was retarded when the measurements were carried out at a lower temperature (23°C). Previous studies have shown that temperature strongly affected the kinetics of setting and the evolution of the rheological properties with time, with the rapid development of elasticity being observed at a higher temperature 25) . In the present study, a rapid increase in sonic velocity was observed when the measurement was carried out at higher temperatures, indicating an accelerated polymerization reaction.
IP4 showed similar changing rate of sound velocity with the different temperature conditions. This could be attributed to the fact that there is heat generation within the mixture of IP4, as stated by the manufacturer in a technical product profile. This generated heat results in a rapid polymerization of the IP4, and shortens the setting time of the material. In addition to the catalytic hydrosilylation setting reaction, an active self-warming reaction, which takes place after the working time, also contributes to this material having the shortest intraoral setting time.
As a method for assessing the working time of impression materials, Shore A hardness measurement was used. Though Shore A hardness measurement does not give insight in the physical and chemical setting reaction, this empirical technique is believed to be well correlated with stiffness and strain of the materials 26) . When measuring Shore A hardness, care should be taken to ensure that the stresses around the indenter are effectively zero both at the bottom and the edge of the specimen 27) . If the durometer tip sink into the liquid material, subsequent measurements will be affected. These kind of things might contribute to the variation of the measured Shore A hardness compared to the data obtained with the use of ultrasonic method (Fig. 4) .
The results of this study clearly demonstrate that Shore A hardness values, which are widely used in the rubber industry to characterize the relative hardness of elastic materials, are correlated with both stiffness and strain during compression 28) . The advantages of the Shore A durometer method are as follows: (1) suitable specimens are readily produced; (2) the measurements are simple and quick; and (3) the same specimen can be used for several measurements. On the other hand, the intermediate time estimated by the Shore A hardness measurement was significantly longer than that obtained by the ultrasonic measurements. Obviously, the former measurement is related to the properties of the material as a viscous paste, whereas the second is related to the properties of the material as a solid.
